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[57] ABSTRACT

Disclosed is a method of fabricating hemispherical grained
(HSG) silicon layers. A surface seeding method is disclosed,
wherein an amorphous silicon layer is doped with germa-
nium. The silicon may be doped with germanium during
deposition, or a previously formed silicon layer may be
implanted with the germanium. The layer may also be in situ
conductively doped. The Ge-doped amorphous silicon is
then subjected to a vacuum anneal in which surface migra-
tion of silicon atoms causes a redistribution in the layer, and
hemispherical grains or bumps result. A seeding source gas
may flow during the anneal to aid in nucleation. The method
permits HSG silicon formation at lower temperature and
shorter duration anneals than prior art methods. Greater
silicon mobility in the presence of germanium dopants also
enables the growth of larger grains, thus enhancing surface
area. At the same time, the germanium provides conductivity
for memory cell charge storage.

32 Claims, 4 Drawing Sheets
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PROCESS FOR IMPROVING ROUGHNESS
OF CONDUCTIVE LAYER

This application is a continuation of application Ser. No.
08/749,569, filed Nov. 15, 1996, now U.S. Pat. No. 5,770,
500 entitled “PROCESS FOR IMPROVING ROUGHNESS
OF CONDUCTIVE LAYER.”

FIELD OF THE INVENTION

The present invention relates to capacitor electrodes for
integrated circuit memory cells, and more particularly to
capacitor electrodes incorporating rugged or rough silicon
layers.

BACKGROUND OF THE INVENTION

Recent advances in the miniaturization of integrated cir-
cuits have led to smaller wafer areas made available for
devices. High density dynamic random access memory
chips (DRAMs), for example, leave little room for the
storage node of a memory cell. Yet even as the “footprint”
(area of a silicon wafer alotted individual memory cells)
shrinks, the storage node (capacitor) must maintain a certain
minimum charge storage capacity, determined by design and
operational parameters, to ensure reliable operation of the
memory cell. It is thus increasingly important that capacitors
achieve high charge storage per unit area of the wafer.
Accordingly, several techniques have been recently devel-
oped to increase the total charge capacity of the cell capaci-
tor without significantly affecting the wafer area occupied by
the cell.

Traditionally, capacitors integrated into memory cells
have been patterned after the parallel plate capacitor. An
interelectrode dielectric material is deposited between two
conductive layers, which form the capacitor plates or elec-
trodes. The amount of charge stored on the capacitor is
proportional to the capacitance, C=ee,A/d, where € is the
dielectric constant of the capacitor dielectric, €, is the
vacuum permittivity, Ais the electrode area, and d represents
the spacing between electrodes. Some techniques for
increasing capacitance include the use of new materials
characterized by high dielectric constants.

Other techniques concentrate on increasing the effective
surface area (“A”) of the electrodes by creating folding
structures such as trench or stacked capacitors. Such struc-
tures better utilize the available chip area by creating three
dimensional shapes to which the conductive plates and
capacitor dielectric conform. For example, U.S. Pat. No.
5,340,765, issued Aug. 23, 1994 to Dennison et al. and
assigned to the assignee present invention, discloses a pro-
cess for forming a capacitor structure resembling a cylin-
drical container. More complex structures, such as the
container-within-container and multiple pin structures dis-
closed in U.S. Pat. No. 5,340,763, issued Aug. 23, 1994 to
Dennison, may further increase electrode surface area and
allow the extension of conventional fabrication materials to
future generation memory devices.

Electrode surface area may also be increased by providing
a rough texture for the electrode surface. One class of
methods for providing rough electrode surfaces involves
texturizing a conductive layer by formation of hemispherical
grained (HSG) silicon.

FIGS. 1 and 2 illustrate the fabrication of a simple
container, including an HSG silicon interior surface, in the
context of a dynamic random access memory (DRAM) cell,
wherein the container dimensions are defined by etching
through a BPSG structural layer 22. The container etch
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exposes a circuit node 10 which, in the illustrated example,
comprises a polysilicon plug 10 in electrical contact with an
active area 14 of a semiconductor wafer 16. The plug 10
resides between two neighboring words lines 12 of the
DRAM array. A conductive layer 25, generally comprising
polyerystalline silicon (polysilicon), is then deposited over
the structure, thus lining the inside surfaces of the container
24 as well as forming horizontal arms 26 overlying the
structural layer 22. A rugged or rough silicon layer 28 is
formed over the polysilicon layer 25 to further enhance the
surface area of the in-process container electrode.

Referring now to FIG. 2, the horizontal portions 26 of the
polysilicon layer 25 have been removed by a planarization
step, such as chemical mechanical planarization (CMP), for
electrical isolation of the various memory cells in the array.
A polysilicon container 30, which is to serve as a bottom
electrode for the cell capacitor, is left in contact with the
polysilicon plug 10. An inside surface 42 of the container 30
is available for charge storage during circuit operation. For
other known process flows, the outside surface may also
contribute to capacitane by removal of the structural layer.
The cell’s capacitor dielectric and top electrode may then be
successively deposited. It should be noted that the illustrated
DRAM container cell is but one example of capacitor
configurations, and that rugged or rough silicon may
increase the electrode surface area of most electrode designs.

The rough silicon 28 may be formed by a number of
different methods, including gas phase nucleation and sur-
face seeding. An extremely thin layer of oxide, for example,
may serve as a substrate layer for rough silicon growth to
follow. Native oxide is allowed to grow over an underlying
substrate, such as the polysilicon layer 25 shown in FIG. 1.
Polysilicon may then be deposited by low pressure chemical
vapor deposition (LPCVD), and silicon grains grow prefer-
entially about nucleation sites. Nucleation sites may also be
provided by the deposition of dispersed particles as dis-
closed by U.S. Pat. No. 5,102,823, issued to Tuttle. In either
case, during the initial stages of polysilicon deposition, the
presence of nucleation sites causes the formation of poly-
silicon nodules. During later stages of deposition, polysili-
con will continue to coat the previously created nodules,
resulting in stable, hemispherical polysilicon grains.

More recently, however, rough silicon has been formed by
a surface seeding method. A silicon layer, generally com-
prising amorphous silicon, is deposited over the electrode
substrate (e.g., the polysilicon layer 25 shown in FIGS. 1 and
2). The structure is then subjected to a vacuum anneal within
critical temperature and pressure ranges. Thermal energy
during the anneal brings about a redistribution of silicon
atoms in the amorphous silicon layer, resulting in a rough
configuration such as hemispherical grains of polysilicon.
U.S. Pat. No. 5,407,534, issued to Thakur and assigned to
the assignee of the present invention, discloses a particular
texturizing vacuum anneal wherein a fluorine-based gas,
diluted with an inert gas (e.g., argon), enhances the redis-
tribution.

The layer of amorphous silicon is heated to a temperature
in the range of 560° C. and 620° C., but most efficiently at
about 600° C., while the chamber pressure is maintained
between about 1x10™! Torr and 1x10>! * Torr. A fluorine-
based gas (e.g., NF;, CF,, or C,F,Cl,), diluted with an inert
gas (e.g., argon), is bled into the anneal chamber. The
amorphous silicon is annealed under these conditions for
between 1 minute and 60 minutes. Aside from the incorpo-
ration of fluorine-based gas, these parameters are typical of
other known vacuum anneal processes for forming rough
silicon layers.
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A 300 A layer of amorphous silicon may thus be con-
verted to a layer of rough silicon with grain or “bump
height” of about 500 A. The rough silicon layer 28 forms at
least part of surface of the bottom or storage electrode of the
memory cell capacitor. Accordingly, in order to provide
reasonable conductivity, the rough silicon layer 28 is gen-
erally lightly doped with n-type dopants after the anneal
step.

Processes of rough silicon fabrication have been shown to
result in significantly increased capacitance, which is vital to
maintaining the trend toward increasingly dense circuits. At
the same time, however, they may increase cost of produc-
tion considerably. The time required for annealing and
post-anneal doping slow down the process as well, reducing
throughput. In addition, current methods of fabrication are
limited in the “bump height” which can be achieved.
Extending the anneal beyond an optimal length of time tends
to cause bumps to merge back together.

A need therefore exists to improve the cost and time
efficiency of HSG silicon fabrication.

SUMMARY OF THE INVENTION

Disclosed is a process for forming rough silicon layers.
The process comprises forming a silicon layer over a surface
within an integrated circuit. Germanium is incorporated into
the silicon layer. The silicon-germanium layer is annealed to
roughen the layer.

For a preferred embodiment, the germanium is incorpo-
rated into the layer during silicon deposition. Thus, for
example, in a chemical vapor deposition, a silicon source
gas is flowed simultaneously with a germanium source gas.
An anneal is then performed to roughen the silicon-
germanium layer. In accordance with preferred parameters
for the deposition and anneal, the layer takes on a hemi-
spherical grained configuration. The preferred process
advantageously lowers activation energy for the roughening
anneal, while simultaneously providing improved conduc-
tivity.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1-2 illustrate generally the fabrication of a bottom
electrode conductive container having a rough silicon
surface, as provided for in the prior art.

FIGS. 3-6 illustrate generally a method of fabricating a
layer of rough silicon-germanium over a conductive
substrate, in accordance with a preferred embodiment of the
present invention.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENT

The present invention provides an improved method for
formation of hemispherical grained (HSG) silicon layers.
While described in the context of a DRAM memory cell in
a container configuration, those skilled in the art of inte-
grated circuit fabrication may find application for the present
invention for various memory cell configurations, and
indeed in any other context in which high surface area
conductive layers are desired.

The preferred embodiment of the present invention is
adapted to the fabrication process for constructing container
electrodes discussed in the “Background” section above. A
conductive substrate, such as conductive layer 25 of prior art
FIG. 1, should be formed prior to formation of the rough
layer, in accordance with the preferred embodiment. Such a
substrate will serve to ensure mechanical support as well as
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electrical connection between grains of the rough layer to be
formed. Additionally, in the preferred context of a DRAM
memory cell, the substrate should form electrical connection
to an underlying active area of a semiconductor wafer.

FIG. 3 illustrates in isolation a substrate layer 50. The
substrate 50 preferably comprises polysilicon, but may also
comprise a polysilicon-germanium alloy formed in any
known manner, including the chemical vapor deposition
method described in more detail below. The preferred poly-
silicon substrate 50 should have a thickness between about
200 A and 1,000 A, and most preferably about 300 A.

FIG. 3 also illustrates a silicon-germanium layer 60
overlying the substrate 50, the layer 60 preferably compris-
ing amorphous silicon. In accordance with the preferred
embodiment, the silicon-germanium layer 60 is doped with
germanium atoms in order to facilitate the redistribution of
silicon atoms in the vacuum anneal step to follow. The
silicon-germanium 60 should have a thickness between
about 100 A and 1,000 A, more preferably between about
200 A and 700 A and most preferably about 300 A.

The germanium atoms may be implanted into a previously
formed undoped amorphous silicon layer, as will be under-
stood by those having skill in this art. More preferably,
however, the silicon-germanium layer 60 is in-situ doped
with germanium, that is, doped during the deposition pro-
cess. U.S. Pat. No. 5,130,885, issue to Fazan et al. and
assigned to the assignee of the present invention, discloses
a chemical vapor deposition method of forming a silicon-
germanium alloy. That method, however, involves condi-
tions which optimize macroscopic islanding during the
deposition.

The preferred embodiment of the present invention
involves a surface seeding method of forming a rough
surface from a silicon-germanium layer. Most preferably, the
deposition comprises flowing about 20 to 100 sccm of silane
as the silicon source gas, and about 0.1 to 20 sccm of GeH,,
or Ge,H; as the germanium source gas in a low pressure
chemical vapor deposition (LPCVD) process. This deposi-
tion should be conducted with reactor temperature in the
range of between 100° C. and 800° C., more preferably
between about 300° C. and 700° C., most preferably
between about 400° C. and 600° C., while the chamber
pressure is maintained between about 20 mTorr and 600
mTorr, more preferably between about 50 mTorr and 500
mTorr, most preferably about 190 mTorr.

With either implanted or in-situ doping, the germanium
should represent a mole fraction of between about 0.05 and
0.75 of the amorphous silicon-germanium layer 60. More
preferably, the germanium mole fraction is between about
0.20 and 0.40.

The Ge-doped amorphous silicon layer 60 is then sub-
jected to a vacuum anneal. The structure is preferably heated
to a temperature in the range of between 450° C. and 700°
C., more preferably between about 530° C. and 580° C., and
most preferably between about 550° C. and 570° C. Cham-
ber pressure during the anneal should be maintained
between about 80 mTorr and 300 mTorr. For redistribution
of the preferred 500 A silicon-germanium layer 60, the
anneal should be maintained for between about 1 minute and
60 minutes, preferably less than about 30 minutes, more
preferably less than about 15 minutes, particularly less than
about 10 minutes, and most preferably less than about 5
minutes, depending in part upon the anneal temperature. It
will be understood that different parameters may apply for
different thicknesses of amorphous silicon and different
germanium mole fractions. The surface migration of the
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silicon atoms to nucleation sites results in the formation of
a rough or texturized, granular surface.

A seeding source gas may also be flowed during the
anneal, to aid in formation of nucleation sites. Most
preferably, a silicon source gas, a germanium source gas, or
sources of both silicon and germanium are flowed during the
anneal. Examples of such gases include those described
above with respect to initial formation of the silicon-
germanium layer 60 by CVD.

FIGS. 4 and 5§ illustrate generally the results of the
vacuum anneal. Initially, the anneal induces thermal
nucleation, or microcrystal formation, at a surface 65 of the
silicon-germanium layer 60. A seeding source gas, as
described above, may also contribute to seeding, or initial
nucleation. Thermal energy during the anneal causes migra-
tion of silicon atoms, and these atoms are captured at the
surface 65 by the growing crystals. FIG. 4 illustrates a
plurality of relatively small silicon crystal grains 70. As the
anneal is continued, migrating silicon atoms continue to be
captured at a continually recessing surface 75 by the crystal
grains 70. Most preferably, the anneal may be continued
until no amorphous silicon remains, leaving well separated
grains 70 for a high electrode surface. The grains are
mechanically supported and electrically connected by the
underlying polysilicon substrate 50.

Hemispherical grains thus grow about these surface
nucleation sites until the entire amorphous silicon layer 60
has been converted into crystallized silicon in the form of
fully matured hemispherical “bumps or grains 80, as illus-
trated in FIG. 5. The resultant grains 80 shown in FIG. 5 may
range in height from 100 Ato1,8004, dependmg upon the
thickness of the original silicon-germanium layer 60 (FIG.
3). The height also depends, in part, upon the lateral distri-
bution (spacing) of grains 80, which in turn depends upon
nucleation conditions. As disclosed in “Novel seeding
method for the growth of polycrystalline Si films with
hemispherical grains,” by Akira Sakai and Toru Tatsumi,
Applied Physics Letters, Vol. 61, No. 2, Jul. 13, 1992, the
distribution of nucleation sites may be controlled as well.
“Bump height” for the preferred embodiment ranges
between about 100, A and 1,800 A, more preferably between
300 A and 1,000 A, particularly greater than about 500 A,
and most preferably about 800 A for the illustrated embodi-
ment.

Incorporation of germanium has several advantages. The
large germanium atoms tend to induce stress in the amor-
phous silicon of the layer 60, causing a greater mobility of
the silicon atoms and speeding the process of HSG silicon
formation. Greater silicon mobility not only results in
greater throughput from shorter anneal time, but also
enhances the redistribution of silicon atoms to permit greater
bump height. Thicker layers of amorphous silicon and
longer anneal time may result in even more enhanced HSG
texture where desired, as will be understood by those of skill
in the art.

Efficiencies are also achieved in a lowering of the acti-
vation energy required for promotion of crystallization.
Comparing the preferred process to prior art vacuum
anneals, it will be understood that the incorporation of
germanium may produce a greater bump height for a given
thickness of the initial silicon source layer or for a given
energy input. Abump height of greater than about 300 A and
more preferably greater than 500 A, for example, may be
achieved with anneal times less than about 10 minutes,
increasing throughput. Alternatively, comparable bump
height may be achieved with anneal temperatures consider-
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6

ably lower than prior art vacuum anneals, namely under
700° C., more preferably under about 600° C. for longer
anneal times, and most preferably under about 570° C

Finally, use of the above-mentioned CVD process also
enables use of in situ doping to enhance the conductivity of
the HSG silicon grains 80 without interfering with the later
redistribution of silicon atoms. Thus, a dopant gas, such as
a source for phosphorus (e.g., PH;, P,Hy) or arsenic, is
simply incorporated into the deposition process, such that no
additional doping step is required. In essence, all of the
advantages set forth above may be achieved by simply
replacing a conventional post-anneal doping step with in situ
doping, performed simultaneously with the incorporation of
the germanium during the CVD. Thus, for example, the
CVD process may comprise flowing Ge,Hg, SiH,, and PH;
simultaneously.

FIG. 6 illustrates a DRAM cell 85, the bottom electrode
of which comprises a rough layer 86 created by the preferred
process over a substrate 50. The electrode is isolated from
other cells on a wafer, preferably by a planarization step. The
cell 85 is completed by formation of a dielectric layer 90,
which may comprise an oxide, nitride, ONO, or other
insulating material, and a top electrode 92, preferably com-
prising a polysilicon layer.

The rough layer 86 comprises high-surface area grains or
“bumps,” as illustrated in FIG. 5. As mentioned, the rough
silicon layer 86 has a preferred thickness between about 300
A and 1,000 A, most preferably about 800 A. Together, the
rough silicon 86 (with incorporated germanium) and pre-
ferred polysilicon (or polysilicon-germanium) substrate 50
(300 A) produce a total bottom electrode wall thickness
between about 300 A and 2,000 A, most preferably about
1,100 A. While this total wall thickness is comparable to that
of prior art electrodes incorporating rough silicon, the per-
centage of the wall thickness represented by the contours of
the rough layer 68 is higher. Accordingly, the electrode
surface area and capacitance of the cell 85 may be higher
than that presented by the prior art. Alternatively, parameters
may be adjusted to produce bump height similar to that of
prior art processes.

Although the foregoing invention has been described in
terms of certain preferred embodiments, other embodiments
will become apparent to those of ordinary skill in the art, in
view of the disclosure herein. Accordingly, the present
invention is not intended to be limited by the recitation of
preferred embodiments, but is instead intended to be defined
solely by reference to the appended claims.

What is claimed is:

1. A process for forming a rough conductive layer, com-
prising:

forming a silicon-germanium layer over a surface in an

integrated circuit; and

annealing the silicon-germanium layer to form a rough-

ened surface, the silicon-germanium layer forming at
least a portion of an electrode.

2. The process of claim 1, wherein annealing the silicon-
germanium layer comprises heating the silicon-germanium
layer to a temperature of less than about 700° C.

3. The process of claim 2, wherein annealing the silicon-
germanium layer further comprises flowing a seeding source
gas.

4. The process of claim 1, wherein the rough conductive
layer has a bump height of greater than about 300 A.

5. The process of claim 1, wherein annealing the silicon-
germanium layer comprises heating for a period of less than
about 60 minutes.
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6. The process of claim 1, wherein the surface comprises
a surface of a polysilicon substrate for a DRAM storage
node.

7. The process of claim 1, wherein the silicon-germanium
layer is substantially amorphous as formed.

8. The process of claim 1, wherein forming the silicon-
germanium layer comprises ion implanting the germanium
into a silicon layer.

9. The process of claim 1, wherein forming the silicon-
germanium layer comprises chemical vapor deposition of
silicon and germanium substantially simultaneously.

10. The process of claim 9, wherein the chemical vapor
deposition comprises flowing a silicon source gas compris-
ing silane and a germanium source gas comprising germane.

11. The process of claim 1, wherein the silicon-
germanium layer comprises a germanium:silicon mole frac-
tion of at least about 0.05.

12. The process of claim 1, wherein the silicon-
germanium layer comprises a germanium:silicon mole frac-
tion of at most about 0.20.

13. A method for forming a rough conductive layer for an
electrode in an integrated circuit, comprising:

a chemical vapor deposition (CVD) of a silicon-
germanium layer over a semiconductor substrate, the
CVD comprising flowing a silicon source gas and a
germanium source gas at between about 300° C. and
700° C. under a pressure between about 50 mTorr and
500 mTorr, the germanium mole fraction of the layer
between about 0.05 and 0.75, the layer having a thick-
ness between about 200 A and 700 A; and

annealing the layer at a temperature between about 530°
C. and 580° C., for less than about 30 minutes to form
the rough conductive layer.

14. The process of claim 13, wherein the CVD further

comprises flowing a dopant gas.

15. The process of claim 13, wherein anneal the layer
comprises heating the layer while flowing a seeding gas.

16. The process of claim 15, wherein the germanium
source gas comprises Ge,H, the silicon source gas com-
prises SiH,, and the dopant gas comprises PH,.

17. A process for forming a rough and adequately con-
ductive layer for an integrated circuit capacitor storage
electrode, comprising:

forming a conductively doped silicon-germanium layer,
the layer including a germanium mole fraction of at
least about 0.05; and

annealing the silicon-germanium layer sufficiently to
roughen the layer and form the capacitor electrode.

18. The process of claim 17, wherein forming the con-
ductively doped silicon-germanium layer comprises a
chemical vapor deposition, comprising:

flowing a silicon source gas;

flowing a germanium source gas; and

flowing a dopant gas.
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19. The process of claim 17, wherein the germanium mole
fraction is at between 0.05 and 0.20.

20. A process for forming a rough and adequately con-
ductive layer for a an integrated circuit electrode, compris-
ing:

a chemical vapor deposition of a conductive silicon-
germanium layer over a semiconductor substrate, the
deposition comprising flowing a silicon source gas, a
germanium source gas, and a dopant gas; and

annealing the silicon-germanium layer while flowing a
seeding source gas.

21. The process of claim 20, wherein the seeding source

gas comprises silicon.

22. The process of claim 21, wherein the seeding source
gas further comprises germanium.

23. The process of claim 20, wherein the seeding source
gas comprises germanium.

24. The process of claim 20, wherein the the silicon-
germanium layer is electrically connected to an active area
formed in the semiconductor substrate.

25. A process for forming a rough silicon-germanium
layer having a bump height of greater than about 300 A,
comprising:

forming a silicon-germanium layer; and

annealing the silicon-germanium layer for less than about
15 minutes to roughen the silicon-germanium layer and
form an electrode in an integrated circuit memory cell.

26. The process of claim 25, wherein the anneal is
performed for less than about 5 minutes.

27. The process of claim 25, wherein the bump height is
greater than about 500 A.

28. A process for forming a rough silicon-germanium
layer in an integrated circuit, the layer having a bump height
of greater than about 300 A, the process comprising:

forming a silicon-germanium layer; and

annealing the silicon-germanium layer at less than about
600° C. to roughen the silicon-germanium layer.

29. The process of claim 28, wherein annealing comprises
heating the silicon-germanium layer while flowing a silicon
source gas.

30. The process of claim 28, wherein the anneal is
performed at less than about 570° C.

31. The process of claim 28, wherein the bump height is
greater than about 500 A.

32. A method of forming a conductively doped, rough
silicon-germanium layer, comprising:

forming a silicon layer on a partially fabricated integrated
circuit;

in situ doping the silicon layer with germanium to form a
silicon-germanium layer; and

redistributing the silicon-germanium layer to form the
rough silicon-germanium layer for an integrated
capacitor electrode.
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